INTrODuCTION
Epoxy phenolic composites are among the most promising paint and lacquer materials, combining the advantages of lacquers based on individual oligomers. Epoxy phenolic coatings combine the high adhesion and good physicomechanical properties of epoxy oligomers (EOs) with the chemical resistance of phenol formaldehyde oligomers (PFOs). Coatings of this kind are used for protective lining of food containers, aerosol cans, and for other crucial purposes, in particular as the film-forming base of hard disks.
One of the considerable problems associated with the use of epoxy phenolic composites is the lack of stability of their properties during storage. This is due to two factors: spontaneous structure formation of the system and the occurrence of chemical reactions in the presence of the curing catalyst o-phosphoric acid. We will examine these problems in detail.
EXPErImENTaL
The investigation was conducted on industrial bisphenol A epoxy oligomer of grade E-05K (M n = 2870, M w = 5100, EN = 2.9%) in the form of a 40% solution in ethyl cellosolve and on a synthesised butanolised bisphenol A formaldehyde oligomer (M n = 650, M w /M n = 1.5, content of free and butanol-etherified methylol groups 10.7 and 22.8% respectively, content of free phenolic hydroxyl groups 9.2%) in the form of a 60% solution in n-butanol. The synthesis of butanolised bisphenol A formaldehyde oligomer was conducted by the procedure described by Kochnova and Tuzova [1] .
In the case of the o-alkylation of bisphenol A formaldehyde oligomers, use was made of oligomers with the following characteristics: a butanolised bisphenol A formaldehyde oligomer o-alkylated with dimethyl sulphate, with M n = 800 and M w /M n = 3.3, a content of free and butanol-etherified methylol groups of 10.1 and 20.7% respectively, and a content of free phenolic hydroxyl groups of 0.47%; butanolised bisphenol A formaldehyde oligomer o-alkylated with butyl glycidyl ether, with M n = 870 and M w /M n = 3.6, a content of free and butanoletherified methylol groups of 9.6 and 20.3% respectively, and a content of free phenolic hydroxyl groups of 0.39%.
The ratios of the epoxy and phenol formaldehyde oligomers in the epoxy phenolic composites was varied from 40:60 to 75:25 parts in terms of dry matter.
The epoxy and phenol formaldehyde oligomers were combined by precondensation at 120°C.
The curing catalyst -o-phosphoric acid -was introduced in a quantity of 0.3 wt% (in terms of dry matter) in the form of a 25% solution in ethyl cellosolve on completion of precondensation or ultrasonic treatment. The coatings were cured at 210°C for 10 min.
rESuLTS aND DISCuSSION

Spontaneous structure formation during storage of epoxy phenolic composites
The degree of structure formation of epoxy phenolic composites during storage can vary significantly, which in turn can affect the structure formation of cured coatings based on these composites.
Epoxy phenolic composites are precondensates of high-molecular-weight bisphenol A epoxy oligomers and phenol formaldehyde oligomers. (In this section, a butanolised bisphenol A formaldehyde oligomer without o-alkylation was used.) In spite of the fact that the content of the phenol formaldehyde oligomer in these products is generally much lower than the content of the epoxy oligomer, it largely determines the properties of the epoxy phenolic coatings. Phenol formaldehyde oligomers of the resol type -butanolised and non-butanolised -are quite often used for the production of epoxy phenolic composites [2] . Earlier, the expediency of using a phenol formaldehyde oligomer based on diphenylolpropane in composites of this kind was shown [11] .
The production of such composites reduces to the combined heating at a temperature of 120°C for 1.0-1.5 h of solutions of epoxy oligomer in ethyl cellosolve with a solution of phenol formaldehyde oligomer in n-butanol. This combination process is known in the industry as precondensation. It has been shown that, in the course of precondensation conducted without o-phosphoric acid, no chemical reactions occur, and this process reduces to a change in the structural organisation of the solutions [3] .
The relative size of the structural formations in solutions obtained by direct mixing of the initial oligomers [epoxy oligomer of grade E-05K and butanolised bisphenol A formaldehyde oligomer (BBFO)] in a ratio of 75:25 respectively, and also by precondensation of their mixture for different times, was assessed using gel permeation chromatography and the light scattering method ( Table 1) . The given data indicate the presence in the solutions of mechanical mixtures (obtained without precondensation by simple mixing of the solutions of oligomers at room temperature) of large associates of macromolecules. As precondensation progresses, the particle size decreases, reaching its minimum value after 1.0-1.5 h (the optimum precondensation time), and then once again a tendency towards aggregation of particles into large structural elements is observed.
The dependence of viscosity on shear stress confirms the conclusion that associates break down during precondensation (Figure 1) . The minimum Newtonian viscosity of the mechanical mixtures under equal shear stress is slightly higher than the viscosity of the precondensates heated under optimum conditions. Further precondensation leads to an increase in the size of the structural units of the composite, which is confirmed by light scattering data (Table 1) , and to an increase in the minimum Newtonian viscosity (Figure 1 ). Such behaviour of epoxy bisphenol A composites when heated is due to two specific processes:
1. Mechanical and thermal action breaks down both associates of oligomers and the physical bonds of the fluctuation network of entanglements, which leads to a reduction in the relative size of the associates and is accompanied with a reduction in the minimum Newtonian viscosity of the system.
2. On the breakdown of the associates, a large amount of polar functional groups of the oligomers is released, which leads to aggregation of the particles into larger structural elements and is accompanied with an increase in the relative size of the associates and increase in the minimum Newtonian viscosity.
Thus, when the composite is heated, two competing processes are observed, and the viscosity of the system changes according to which of these processes is determining at the given moment in time.
The precondensation process largely determines not only the structural parameters of freshly prepared composites but also their subsequent structure formation.
The laws governing structure formation in epoxy phenolic composites during storage, in our view, can be followed fairly well from the change in their relative viscosity ( Figure 2 ). As can be seen from Table 2 , in the case of epoxy phenolic composites obtained by precondensation (curve 2), the proneness towards structure formation is slightly higher than in the case of composites based on a mechanical mixture (curve 1), which is due to the greater accessibility of the functional groups in the smaller precondensate associates. This seems to result in a difference in the service properties of coatings formed from freshly prepared precondensates and after prolonged storage of the composites ( Table 2 ).
An increased stability of epoxy phenolic composites can be achieved by changing the structure of the phenol formaldehyde oligomer. Reduction in the content of free phenolic hydroxyl groups in the structure of the resols as a result of o-alkylation makes it possible to reduce slightly the proneness of the oligomers to structure formation, thereby improving the structural parameters of the epoxy phenolic composites, which in turn has a favourable effect on the properties of the formed coatings. The introduction of an o-alkylating agent of different nature into the phenol formaldehyde oligomer also makes it possible to produce oligomers with increased elasticity, chemical resistance, softening point, and heat resistance.
The most suitable o-alkylating agents likely include dimethyl sulphate and butyl glycidyl ether, o-alkylation by which mainly proceeds to the maximum extent of the reaction [4] . The content of free hydroxyl groups of the bisphenol A formaldehyde oligomer with o-alkylation was 0.47 and 0.39 in the case of using dimethyl sulphate and butyl glycidyl ether as the o-alkylating agent respectively; in the case of free, i.e. non-o-alkylated, bisphenol A formaldehyde oligomers, it amounted to 9.2.
As already mentioned, reduction in the content in the structure of the oligomers of free phenolic hydroxyl groups promotes a reduction in the proneness of the molecules of the oligomer to association, which is borne out by data on the dependence of viscosity on shear stress for o-alkylated and "free" butanolised bisphenol A formaldehyde oligomers ( Figure 3) . The "free" butanolised bisphenol A formaldehyde oligomer is characterised by a higher shear rate, corresponding to complete breakdown of the structures, than the o-alkylated oligomer, which indicates a greater degree of structure formation of the "free" butanolised bisphenol A formaldehyde oligomer. The minimum Newtonian viscosity in the case of the "free" butanolised bisphenol A formaldehyde oligomer also has a greater value than in the case of the o-alkylated oligomers, which in the present case makes it possible to conclude that the o-alkylated oligomers are characterised by a smaller amount of associates.
It should be pointed out that, when o-alkylated bisphenol A formaldehyde oligomer is used in epoxy phenolic composites, there is no longer any need for a stage of precondensation during its combination with the epoxy oligomer. As can be seen from Figure 4 , the minimum magnitude of the shear stress required for complete breakdown of the structures is observed in the case of mechanical mixtures, and, as the precondensation time increases, this quantity increases. The minimum Newtonian viscosity is also characteristic of mechanical mixtures of oligomers. Thus, judging by the viscosity curves, mechanical mixtures of o-alkylated oligomers with epoxy oligomers possess a weak and rapidly broken down structure, and precondensation for the production of composites based on them is not required.
Associates of o-alkylated bisphenol A formaldehyde oligomer possibly possess weaker physical bonds subject to a greater extent to mechanical and heat effects, as a result of which the conditions of combination of epoxy and o-alkylated bisphenol A formaldehyde oligomer are milder than in the case of using the "free" bisphenol A formaldehyde oligomer.
As shown by the conducted investigations, during prolonged storage (7 months), epoxy phenolic composites based on "pure" butanolised bisphenol A formaldehyde oligomers practically revert to the structure of their mechanical mixtures (Figure 2 ), which has a significant adverse effect on the service properties of coatings ( Table 2) .
In contrast to "free" resols, at room temperature, o-alkylated butanolised bisphenol A formaldehyde oligomers and epoxy phenolic composites based on them possess practically unlimited stability (there is no significant increase in viscosity with time) ( Figure 5 ) and in structure they are practically analogous to freshly prepared composites, which seems to be due to an extremely low proneness of o-alkylated phenolic hydroxyl groups to structure formation and to a reduction in the reactivity of free methylol groups.
Investigation of the properties showed the similarity of the properties of coatings obtained from freshly prepared composites based on mechanical mixtures with o-alkylated oligomers and of coatings cured from these composites with a 7 month storage time ( Table 3) . At the same time, with storage for 7 months, epoxy phenolic coatings from composites based on "free" bisphenol formaldehyde oligomer are noted for worse properties ( Table 3 , row 2) by comparison with coatings cured directly after precondensation ( Table 3 , row 1).
From the given data it becomes obvious that the use of o-alkylated bisphenol A formaldehyde oligomers in epoxy phenolic composites makes it possible to increase considerably the stability of these composites during storage.
The chemical reactions occurring during storage
The chemical reactions occurring during storage of epoxy phenolic composites are governed primarily by The reason for the instability of properties of epoxy phenolic composites with catalyst H 3 PO 4 lies in the uncontrolled occurrence of reactions between the epoxy oligomer and acid, as a result of which its mono-, di-, and triesters are formed [5] , which leads to a reduction in the amount of epoxy groups in the system ( Figure 6 ) and to a sharp increase in the molecular weight of the epoxy oligomer, and is accompanied with increase in the viscosity of the composite ( Figure 7 ).
As can be seen from Table 2 , composites cured after storage for 7 months in the presence of phosphoric acid form coatings with low service properties (row 3) by comparison with coatings produced from freshly prepared precondensates (row 1) and even precondensates after 7 months storage (row 2).
The most promising variant for increasing the stability during storage of epoxy phenolic composites is the use during their curing of so-called "latent" catalysts [6] activated by raising the temperature (200-370°C).
Thus, bearing in mind the mechanism of catalysis, the "latent" catalyst should be inactive in relation to functional (primarily epoxy and methylol) groups under storage conditions.
It is important to note that "latent" catalysts activated at elevated temperatures include phosphoric acid derivatives [7] . In particular, orthophosphoric acid triesters are stable at room temperature, and, when they are held at elevated temperatures, their partial breakdown is observed, with detachment of the unsaturated compound. Here, the corresponding alkyl esters possess the greatest capacity for breakdown [8] . Furthermore, the advantages of triesters of this kind include their solubility in a large number of organic solvents. In this connection, we considered it expedient to propose for the curing of epoxy phenolic composites, as latent catalysts, different trialkyl esters of o-phosphoric acid. The conducted investigations showed that the structure formation of epoxy phenolic coatings is a direct function of the structure of the composites. Composites with a minimum size of associates, owing to the greater accessibility of reactive groups, realise chemical and physical bonds to the maximum, which in turn determines the production of coatings with an ordered finely globular structure and makes it possible to form coatings with high protective characteristics.
The data given in Figure 6 indicate that the presence in the epoxy phenolic composite of catalyst o-phosphoric acid causes the occurrence of chemical reactions with the participation of epoxy groups, which involves a sharp increase in the viscosity of the system during storage (Figure 2) , and consequently acceleration of the process of spontaneous structure formation by comparison with an epoxy phenolic composite stored without a catalyst.
At the same time, the presence in the epoxy phenolic composite of the latent catalysts we have developed does not cause such a significant increase in viscosity during long-term storage, which indicates that processes of spontaneous structure formation of composites ( Figure 2 ) and the occurrence of chemical reactions with epoxy groups ( Figure 6 ) proceed less actively than in the presence of o-phosphoric acid.
Thus, the use of latent catalysts makes it possible to increase considerably the stability of the properties of epoxy phenolic composites during prolonged storage, which has a positive effect on the service properties of coatings formed from such composites ( Table 2 , rows 4 and 5), comparable with coatings formed from composites stored without a catalyst (Table 3, row 2).
As is known, epoxy phenolic composites, after prolonged storage, undergo repeated precondensation to recover their structural characteristics. The presence in the precondensate of o-phosphoric acid causes both the (Figure 7) and increased structure formation.
The presence of latent catalysts in the system after prolonged storage does not prevent precondensation for recovery of the structural organisation of the composites. As can be seen from Figure 7 (curve 3) , the presence of a latent catalyst in the system lowers the amount of epoxy groups to the smallest degree, comparable with precondensation in the absence of o-phosphoric acid (curve 1). The slight reduction in the content of epoxy groups is connected with the presence in the latent catalyst of a small amount of incomplete esters entering into reaction with epoxy groups.
On all the curves of the dependence of the viscosity of the composite on the shear stress ( Figure 8 ) during precondensation (with the optimum heating time), both in the absence of catalysts and in the presence of o-phosphoric acid and latent catalysts, a structural branch is observed, which indicates the presence of bulky structures in the composites. However, the nature of the structural branches in all three cases indicates that composites produced by precondensation without catalysts and in the presence of latent catalysts are characterised by a lower shear stress corresponding to breakdown of the fluctuation network of entanglements than in the presence of o-phosphoric acid.
With the structure of the coatings is connected the molecular weight of the chain segment between crosslinked points of the network (M n ). Therefore, we investigated the change in M n during the formation of coatings and the influence of different factors on this parameter. Table 4 it can be seen that the presence of the catalyst H 3 PO 4 at the stage of precondensation leads to a sharp increase in M n (more than twofold) and to a reduction in the degree of curing of coatings (on account of the reactions occurring in the system) by comparison with a coating formed when catalyst o-phosphoric acid was introduced directly before curing.
From the data in
The M n values of coatings formed from precondensates with the introduction of o-phosphoric acid directly before curing and latent catalysts at the stage of precondensation have roughly the same value.
Thus, the latent catalysts we have developed do not enter into reaction with functional groups in the mixture of epoxy and phenol formaldehyde oligomers at a precondensation temperature of 120°C, which makes it possible to facilitate the process of preparation of epoxy phenolic composites, to increase their stability during storage, and, consequently, to produce coatings with a high combination of service properties ( Table 5) .
It should be pointed out that the conducted investigations of application of the latent catalyst have a similar influence on other epoxy phenolic systems produced using different phenolic components (Table 5) .
Thus, the new latent-type catalysts we have developed for the curing of epoxy phenolic systems make it possible to increase the stability of composites during storage. The basic possibility of introducing them at the precondensation stage has been shown, because, in the absence of the o-phosphoric acid that is used in industry, they do not enter into chemical reactions with oligomers either at the precondensation stage or during prolonged storage of the composites.
As can be seen from the above, increase in the stability of epoxy phenolic composites during storage can be achieved both by using o-alkylated oligomers and by using latent curing catalysts. 
